Harmful effects that alter the homeostasis of neural stem or progenitor cells (NSPs) can affect regenerative processes in the central nervous system. We investigated the effect of soluble factors secreted by control or 137 Cs-g-irradiated glioblastoma or medulloblastoma cells on redox-modulated endpoints in recipient human NSPs. Growth medium harvested from the nonirradiated brain tumor cells, following 24 h of growth, induced prominent oxidative stress in recipient NSPs as judged by overall increases in mitochondrial superoxide radical levels (p < .001), activation of c-jun N-terminal kinase, and decrease in the active form of FoxO3a. The induced oxidative stress was associated with phosphorylation of p53 on serine 15, a marker of DNA damage, induction of the cyclin-cyclin dependent kinase inhibitors p21
Introduction
Neural stem cells are uncommitted, multipotent cells generated throughout the life of an individual. They exist in embryonic, fetal, and adult tissues and give rise to rapidly amplifying progenitors responsible for proper formation and functioning of the central nervous system (Gage and Temple, 2013) . Therefore, signaling events that affect their survival or self-renewal and differentiation will likely impact development of the central nervous system and may result in the emergence or exacerbation of progressive degenerative outcomes. Ischemia, traumatic brain injury, exposure to ionizing radiation, and cancer are among the insults or pathological conditions that can impinge on the integrity of neural stem cells (Limoli et al., 2004 (Limoli et al., , 2007 Chen et al., 2014; Baulch et al., 2015) . Whereas there is a rapidly growing literature on the direct effects of harmful agents (e.g., ischemia, ionizing 1 radiation) on stem cells, the influence of cues propagated from tumor cells on the integrity of neural stem or progenitor cells (NSPs) within or near their niche remains mostly unknown (Ivanov and Hei, 2014) . A better understanding of these effects, particularly following exposure of nearby tumors to therapeutic agents, is particularly important because harmful changes that perturb the homeostasis of nonirradiated bystander NSPs can lead to cognitive, motor, and behavioral impairments, and the emergence of new cancer (Monje and Palmer, 2003) .
Glioblastoma multiforme is the most common malignant brain tumor in adults (Minniti et al., 2009) . It is an extremely aggressive cancer associated with neurologic deterioration (Boele et al., 2015) . In contrast, medulloblastoma is the most common pediatric malignant brain tumor. It is located in the cerebellum, which is crucial for motor function and has been implicated in higher level cognition (Ramnani, 2006) . Surgery, chemotherapy, and radiotherapy are used to treat patients afflicted with either of these tumors. In contrast to the poor survival of patients treated for glioblastoma (5-year median survival below 10%; Delgado-Lopez and Corrales-Garcia, 2016), the 5-year survival rate for children with medulloblastoma is 73% (Smith et al., 2010) ; however, the latter suffer from debilitating conditions and a high rate of secondary malignancies (Friedman et al., 2010) . Therefore, understanding the responses of NSPs neighboring the disease site, and recipient of cues modulated by therapeutic agents such as ionizing radiation, promises to be enlightening due to the regenerative potential of NSPs.
Tumor cells secrete in their native environment systemic factors that include soluble molecules such as cytokines, growth factors, and also toxic metabolites (Charles et al., 2011) . These factors can interact with cells within their range (astrocytes, microglia, and NSPs; Lorger, 2012) leading to important biological changes in the interacting cells. Furthermore, exposure to therapeutic radiation can alter the nature of the secreted molecules or their amounts, further modulating the induced biological changes. In this study, we examine the effects of secreted elements on NSPs using the medium transfer strategy (Mothersill and Seymour, 2004) . Notably, the spread of harmful effects from irradiated to nonirradiated cells in the vicinity (i.e., bystander effects) was observed following in vitro and in vivo exposures to ionizing radiation (Azzam et al., 2003; Shao et al., 2003; Matsumoto et al., 2007; Prise and O'Sullivan, 2009; Hei et al., 2011) . In this study, we have investigated the induction of oxidative stress, perturbations in cell cycle progression, DNA damage, survival, and altered expression of critical regulators (e.g., FoxO3a, Sox2, and Bmi1) in NSPs recipient of growth medium harvested from glioblastoma or medulloblastoma cells before and after exposure to cesium-137 g rays. The rationale was to test the hypothesis that essential physiological functions in NSPs are significantly affected when they are present within or in close proximity to malignant neoplasms, and that the induced changes are enhanced when the tumor cells are irradiated.
Materials and Methods

Neural Stem Cells
Human H9 neural stem cells were from GIBCO Õ /Life Technologies (Carlsbad, CA). They were derived from the NIH approved H9 (WA09) . To help maintain the cells in an undifferentiated state, the medium was supplemented daily with bFGF (10 ng/mL). The cells were fed every 2 days, and upon reaching 90% confluency, they were passaged at a ratio of 1:2 using StemPro Õ Accutase Õ (GIBCO Õ /Life Technologies). They were incubated at 37 C in a humidified atmosphere of 5% CO 2 in air.
Tumor Cells
Human T98G (CRL 1690 TM ) glioblastoma and Daoy (HTB-186 TM ) medulloblastoma cells were from the ATCC (Manassas, VA). They were maintained in MEM supplemented with 10% fetal bovine serum, 100 U/mL penicillin, 100 mg/mL streptomycin (CellGro), and 2 mM glutagro TM (CorningMediatech) at 37 C in a humidified atmosphere of 5% CO 2 in air. They were fed every 2 days and were subcultured when they were $90% confluent.
Media Transfer Strategy and Irradiation
T98G and Daoy monolayer cell cultures underwent change of medium to neural stem cell medium when they were $70% confluent. They were washed 2 Â with D-PBS with calcium and magnesium (PBS þ ), the StemPro Õ NSC SFM medium was added, and the cultures were incubated for 1 h at 37 C prior to exposure at 37 C to a mean absorbed dose of 12 Gy from a 137 Cs g-ray source (3 Gy/ min; J L Shepherd, Mark I, San Fernando, CA). Following irradiation, the cells were incubated for 24 h.
Near confluent NSPs were subcultured at a 1:2 ratio and seeded in 100 mm in diameter dishes 24 h prior to incubation with conditioned media harvested from control or irradiated tumor cells (designated CCM and ICM, respectively). The CCM and ICM conditioned for 24 h by the tumor cells were harvested, centrifuged to eliminate cellular debris, and added to the NSP cultures. After this point, none of the growth factors were added to the cultures. Following 24 h incubation, the H9 NSPs were harvested, rinsed with PBS þ , and processed for analyses of biological endpoints.
Mitochondrial Superoxide Radicals
They were detected using MitoSOX TM Red (ThermoFisher Scientific, Waltham, MA). Briefly, H9 cells grown in 12-well plates were stained with 5 mM MitoSOX TM in StemPro Õ NSC SFM medium and incubated in the dark at 37 C for 10 to 15 min. They were then gently dissociated with accutase, washed 2 Â with PBS þ , and analyzed by flow cytometry at an excitation/ emission maxima of 510/580 nm.
Intracellular Reactive Oxygen Species
They were detected using CM-H2DCFDA (5 -(and-6)-chloromethyl-2',7'-dichlorodihydrofluorescein diacetate, acetyl ester), a general oxidative stress indicator (ThermoFisher Scientific). H9 cells grown in 12-well plates were stained with 10 mM CM-H2DCFDA in StemPro Õ NSC SFM medium and incubated in the dark at 37 C for 10 to 15 min. The cells were then dissociated with accutase, washed 2Â with PBS þ , and analyzed using flow cytometry at an excitation/emission of 492-495/517-527 nm.
Mitochondrial Membrane Potential
It was assessed using the cytofluorimetric, lipophilic cationic dye, 5,5 0 ,6,6 0 -tetrachloro-1,1 0 ,3,3-tetraethylbenzimidazolylcarbocyanine iodide (JC-1; Cayman Chemical, Ann Arbor, MI). H9 cells grown in 12-well plates were stained in the absence of light with 200 mL of JC-1 dye diluted 1:10 in StemPro Õ NSC SFM medium and incubated for 10 to 15 min. They were then gently dissociated with accutase, washed 2Â with PBS þ , and analyzed using flow cytometry at an excitation/emission of 485/535 nm.
Immunoblotting
Cell fractionation was performed to enrich the nuclear and cytosolic fractions as we have described (Zhang et al., 2012 Kip1 (1:1000, C-19, sc-528, Santa Cruz) antibodies were also used. The antibody dilutions were made in 5% solution of bovine serum albumin in Tris-Buffered Saline and Tween 20 (TBST). Anti-mouse or anti-rabbit IgG secondary antibodies conjugated with horseradish peroxidase were used for chemiluminescence detection. Ponceau S Red staining was used as loading control. In the figures, the relative intensity (R.I.) is intensity (I) of a band (z) is normalized against its control (c) and their Ponceau S Red intensities (P): R.I.
Cell Cycle Analysis H9 cells were washed 2Â with PBS þ , dissociated with accutase, washed with ice-cold PBS þ , fixed with chilled 80% ethanol, and left at À20 C overnight. They were then washed 2Â with cold PBS þ , stained with propidium iodide (PI) (50 mg/mL), treated with RNase A (10 mg/mL) for 1 h, and analyzed by flow cytometry. 
Detection of Apoptosis
Statistics
Experiments were repeated at least three times. The results are represented as the average of the values obtained in independent experiments AE SEM. For cell cycle analysis, measurement of apoptosis by the Annexin V assay, and mitochondrial depolarization by staining with JC-1, changes in cell proportions in response to the different experimental conditions were tested by the 2 test, using the Holm-Sidak test to control for multiple comparisons (Holm, 1979; Aickin and Gensler, 1996; Glantz, 2005) and the Yates correction for 2 Â 2 contingency tables. For measurements of mitochondrial superoxide radicals, intracellular reactive oxygen species (ROS), and apoptosis by Caspase 8, median fluorescence intensity values in the different experimental conditions were averaged over at least three experiments and compared using a one-way ANOVA, with the Tukey test to control for multiple comparisons. For analysis by 2 , overall significance was tested using an R Â C contingency table before performing the post hoc Holm-Sidak test for individual comparisons using 2 Â 2 contingency tables. For ANOVA, the F-statistic was used to test the overall significance of the data set before performing the post hoc Tukey test for individual comparisons. For all experiments, overall significance for a family of comparisons was set at p < .05.
Results
Incubation of Bystander NSPs in Growth Medium From Control or -Irradiated Brain Tumor Cells Upregulates the Level of Mitochondrial Superoxide Radicals
To shed light on the drivers of debilitating outcomes associated with brain cancer, we investigated the impact of extracellular secretion by glioblastoma and medulloblastoma cells on mitochondrial ROS levels in NSPs: Mitochondrial ROS play multiple roles in signaling cascades and have a role in pathological conditions. Here, we assessed mitochondrial superoxide radicals (O À 2 ) by increased fluorescence intensity of NSPs incubated with MitoSOX Red dye that specifically targets to mitochondria in live cells. Relative to control, incubation of H9 NSPs for 24 h, in medium (CCM) in which nonirradiated T98G glioblastoma cells were grown for 24 h, resulted in a 1.5-fold increase, but the increase was not statistically significant (1.5-fold change, p ¼ .062; n ¼ 3; Figure 1 ). However, incubation of the NSPs in medium conditioned for 24 h by T98G cells exposed to 12 Gy of g rays (ICM) did result in a significant increase relative to control (1.5-fold change p ¼ .039, n ¼ 3), but the increase was not significantly different relative to CCM (1.0-fold change, p ¼ .9, n ¼ 3; Figure 1 ). Similarly, increases in mitochondrial O À 2 were observed in H9 cells cultured for 24 h in CCM (2.0-fold change, p ¼ .003; n ¼ 3) and ICM (1.75-fold change, p ¼ .001; n ¼ 3) from Daoy medulloblastoma cells (Figure 1 ), but the CCM and ICM were not significantly different from one another (1.2-fold change, p ¼ .269, n ¼ 3). The effects of the CCM from the Daoy cells were not significantly different from the effects of the CCM (1.2-fold change, p ¼ .301, n ¼ 3) and ICM (1.2-fold change, p ¼ .440, n ¼ 3) of the T98G cells. However, the mitochondrial O À 2 levels in H9 cells receiving ICM from Daoy cells were significantly increased relative to that of T98G CCM (1.4-fold, p ¼ .012, n ¼ 3) and ICM (1.4-fold, p ¼ .019, n ¼ 3; Figure 1 ). Therefore, diffusible factor(s) secreted by nonirradiated or irradiated glioblastoma or medulloblastoma cells lead to biochemical events that result in enhanced levels of oxidative stress in bystander NSPs. Surprisingly, the effects induced by the irradiated medulloblastoma cells were greater than those induced by factors released by the T98G glioblastoma cells.
Stress Signals Propagated From Brain Tumor Cells Lead to Loss of Mitochondrial Membrane Potential, Increase in Intracellular ROS, and JNK Activation in Bystander NSPs
Excess mitochondrial O À 2 levels can initiate a cascade of reactions leading to the generation of other forms of ROS Figure 1 . Factors secreted by brain tumor cells modulate superoxide levels in mitochondria of bystander NSPs. H9 NSPs cultured for 24 h in medium harvested from control (CCM) or irradiated (ICM) T98G (glioblastoma) or Daoy (medulloblastoma) cell cultures were subjected to MitoSox analysis using flow cytometry. Bar graph represents average median fluorescence intensity in arbitrary units (au) from three independent experiments AE SEM. Values in the different experimental conditions were compared using a one-way ANOVA, with the Tukey test to control for multiple comparisons. (Chuaqui and Petkau, 1987) , which can be even more detrimental to functioning of mitochondria. A side effect is depolarization of the mitochondrial membrane, resulting in an increase in intracellular ROS. These ROS may react with macromolecules in their vicinity affecting signaling pathways essential for healthy survival. Consistent with the increase in mitochondrial superoxide (Figure 1 ), H9 NSPs cultured for 24 h in CCM from T98G showed an 8.6% decrease (p < .001; n ¼ 3) in the fraction of NSPs with highly polarized mitochondria as assessed by the JC-1 probe relative to control, while the ICM from T98G showed a 7.64% decrease (p < .001; n ¼ 3) relative to control (Figure 2(a) ). Similarly, H9 cells incubated in CCM from Daoy cells resulted in a 13% decrease (p < .001; n ¼ 3), and those NSPs receiving ICM from Daoy cells resulted in a 12% decrease (p < .001; n ¼ 3; Figure 2 (a)). For both the T98G cells (p ¼ .012; n ¼ 3) and Daoy cells (p ¼ .008; n ¼ 3), the NSPs had a 1% higher fraction of cells with highly polarized mitochondria when incubated in the ICM relative to the CCM. Relative to the T98G CCM, the Daoy CCM induced a 4.6% decrease (p < .001; n ¼ 3) and the Daoy ICM induced a 3.5% decrease (p < .001; n ¼ 3). Relative to the T98G ICM, the Daoy CCM caused a 5.6% decrease (p < .001; n ¼ 3) and the Daoy ICM a 4.5% decrease (p < .001; n ¼ 3; Figure 2(a) ). Therefore, extracellular secretion by brain tumor cells impacts an important parameter of mitochondrial functionality.
As predicted, the decrease in mitochondrial membrane potential (Figure 2(a) ) was associated with an increase in intracellular ROS in H9 cells, as revealed by the CM-H2DCFDA assay (Figure 2(b) ). Relative to control, 1.6-and 1.7-fold respective increases in the median fluorescence intensity, reflecting ROS levels, were observed when H9 cells were cultured in CCM (p < .003; n ¼ 3) or ICM (p < .001; n ¼ 3) from Daoy cells. However, H9 cells cultured in CCM (p ¼ .58; n ¼ 3) or ICM (p ¼ .35; n ¼ 3) from T98G cells showed no significant increases relative to control nor relative to one another (p ¼ .9; n ¼ 3; Figure 2(b) ). The CCM from Daoy cells brought a significant 1.4-fold increase relative to CCM (p ¼ .028; n ¼ 3) of T98G cells, but its 1.3-fold increase over the ICM of T98G cells did not meet significance (p ¼ .058; n ¼ 3). The ICM from Daoy cells resulted in 1.4-fold increases in intracellular ROS relative to both T98G CCM (p ¼ .007; n ¼ 3) and T98G ICM (p ¼ .015; n ¼ 3; Figure 2(b) ).
The c-jun N-terminal kinase (c-JNK), a member of the mitogen activated protein kinase family (MAPK), is activated through cytoplasmic phosphorylation events by an increase in cellular oxidative stress (McCubrey et al., 2006) . Activated JNK affects proliferation, apoptosis, and other cellular processes (Chen et al., 1996; Zhang and Liu, 2002) . Consistent with the increase in ROS levels ( Figures 1 and 2(b) ), immunoblot analyses revealed activation of JNK in the cytoplasmic fraction of H9 cells (Figure 2(c) ). Relative to control, H9 NSPs cultured in CCM or ICM from T98G cells exhibited 2.2-and 1.7-fold respective increases in p-JNK (Thr183/Tyr185) levels (n ¼ 3). Similarly, 4.9-and 4.8-fold respective increases in p-JNK (Thr183/Tyr185) were observed in H9 cells cultured in CCM and ICM from Daoy cells (n ¼ 3). These changes were due to posttranslational modifications and did not involve changes in the basal level of JNK (Figure 2(c) ). These results support the induction of redox-activated stress kinase in bystander H9 cells, recipient of diffusible factors from brain tumor cells.
Factors Secreted by Brain Tumors Lead to Altered Expression of Regulatory Proteins Involved in ROS Detoxification in Bystander NSPs
Bmi1, a member of the polycomb group of proteins, provides resistance to oxidative stress and promotes survival by regulating mitochondrial dynamics, suggesting negative regulation of Bmi1 by oxidative stress (Nakamura et al., 2012) . Bmi1 has been judged essential for the maintenance of hematopoietic and neural stem cells (Yadirgi et al., 2011) . Relative to control, immunoblotting revealed 30% and 20% decrease in Bmi1 levels in nuclear fractions of H9 NSPs, following incubation for 24 h in CCM or ICM from T98G cells, respectively (n ¼ 3; Figure 3 ). Similarly, 40% and 30% respective decreases were detected in H9 cells cultured in CCM and ICM from Daoy cells (n ¼ 3; Figure 3) .
The FoxO group of transcription factors is another key regulator of adult stem cells with an important role in resistance to oxidative stress (Paik et al., 2009 ). Analyses of protein lysates, enriched in the nuclear fraction, of H9 cells incubated in CCM or ICM from T98G cells showed 70% and 20% respective decreases, relative to control, in the active form of FoxO3a (n ¼ 3, Figure 3) . Similarly, H9 cells incubated in CCM or ICM from Daoy cells showed 50% and 60% respective decreases (n ¼ 3; Figure 3 ).
Diffusible Factors Secreted by Brain Tumors Promote Induction of DNA Damage and Lead to Perturbation in Cell Cycle Progression in Bystander NSPs
An increase in oxidative stress leads to DNA damage and activation of an array of DNA damage responsive signaling pathways (Georgakilas et al., 2014) . Prime among the signaling events is activation of ATM kinase followed by phosphorylation of p53 (Kastan and Lim, 2000) . Phosphorylation of p53 by ATM on serine-15 residue is a marker of DNA damage (Canman et al., 1998) . The immunoblot results in Figure 4 indicate a 1.8-fold increase over control in P-p53-Ser15 levels in H9 cells cultured, respectively, in CCM and ICM from T98G cells (n ¼ 3). H9 cells cultured in CCM or ICM from Daoy cells showed 3.2-and 3.6-fold increases, respectively (n ¼ 3).
Consistent with activation of ATM/p53 signaling, an increase in levels of the downstream effector p21
Waf1 was detected (Figure 4 ). Relative to control, H9 cells cultured in CCM or ICM from T98G cells exhibited 2-fold increase in p21
Waf1 levels (n ¼ 3). Similarly, CCM or ICM from Daoy cells resulted in a 3.4-fold increases (n ¼ 3). The p21
Waf1 protein is a universal inhibitor of cyclin-dependent kinases that regulate transition from G 1 to S phase in the cell cycle (Elledge, 1996) . Upon exposure to oxidizing agents, up-regulation of p21 Waf1 mediates the stress-induced G 1 checkpoint. In addition to the increase in p21
Waf1
, an increase in p27 Kip1 , an inhibitor of cyclin D/cdk4 and cyclin E/cdk2, was also detected. We observed a 1.3-and 1.6-fold increase in p27
Kip1 level in H9 cells incubated, respectively, in CCM and ICM from T98G cells and a 2-and 2.2-fold increase when the cells were incubated in CCM and ICM from Daoy cells.
Consistent with up-regulation of p21
, the percentage of H9 NSPs in G 1 phase in cultures, incubated for 24 h in CCM or ICM from T98G cells, increased relative to control (7% and 11% respective increases in the representative experiment shown, p < .001; n ¼ 3; Figure 5 ). Relative to the CCM, the ICM from T98G cells resulted in a 3% increase (p < .001; n ¼ 3) in the proportion of NSPs in G 1 . However, the CCM and ICM from Daoy cells did not significantly alter the proportion of NSPs in G 1 (p ¼ .4; n ¼ 3). In contrast, at 24 h, a significant fraction of H9 cells accumulated in G 2 phase when cultured for 24 h in CCM or ICM from Daoy cells (11% and 9% respective increases in representative experiment shown, p < .001; n ¼ 3; Figure 5) , with a corresponding decrease in the S phase of the cell cycle (9% and 10% respective decreases in representative experiment shown, p < .001). For the CCM and ICM of T98G cells, the G2 phase had significant decreases (4% and 4% respectively, p < .001) as did the S phase (4% and 7%, respectively, p < .001). These results suggest a differential effect being induced by the two tumor cell types. Together, the data support the role of oxidative stress in inducing DNA damage and perturbing cell cycle progression in bystander NSPs recipient of diffusible factors from brain tumor cells.
Brain Tumor Cells Transmit Signals That Decrease Survival of Bystander H9 NSPs
A likely outcome of excess oxidative stress and elevated DNA damage is reduced cellular viability . Annexin V/PI staining can identify cells in apoptosis by positive Annexin V staining. Analyses of Annexin V/PI staining (Figure 6(a) ) showed that incubation of H9 NSPs for 24 h in CCM or ICM from T98G cells results in 6% and 4% respective increases, relative to control, in the fraction of apoptotic cells (p < .001; n ¼ 4). Incubation of H9 cells in CCM or ICM from Daoy cells resulted in 11% and 19% increases (p < .001; n ¼ 4; Figure 6 (a)). Relative to the effects of T98G cell CCM on the NSPs, the ICM from T98G cells resulted in a 2% decrease (p < .001; n ¼ 4) in apoptotic cells. The ICM from Daoy cells, however, caused an 8% increase (p < .001; n ¼ 4) relative to CCM from Daoy cells. Relative to the T98G cell CCM, the Daoy CCM resulted in a 5% increase (p < .001; n ¼ 4) and the Daoy ICM in a 13% increase (p < .001; n ¼ 4). Relative to the T98G ICM, the Daoy CCM caused a 7% increase (p < .001; n ¼ 4) and the Daoy ICM a 15% increase (p < .001; n ¼ 4).
Caspase 8 is the initiator caspase that propagates the apoptosis signal by direct cleavage of downstream effector caspases and other proteins. Our flow cytometry analyses in H9 NSPs incubated for 24 h in ICM from T98G or CCM from Daoy cells showed 27% and 24% increases in median fluorescence intensity for activated caspase 8, relative to control (p ¼ .02 and p ¼ .03, respectively; n ¼ 5; Figure 6(b) ). The other comparisons for caspase 8 did not reach significance. The increase in cell death (Figure 6(a) ) prompted us to investigate modulation of critical regulators of survival. Sox2 is important for the maintenance of progenitor characteristics. Its inactivation in mice causes embryonic lethality as a result of decreased proliferation and increased apoptosis (Miyagi et al., 2008) . In contrast, survivin protects cells from programmed cell death (Fukuda and Pelus, 2006) . Feng et al. (2013) demonstrated the critical role of Sox2 in protecting NSPs from apoptosis by regulating SURVIVIN gene expression and inhibiting apoptosis. Relative to control, immunoblot analyses showed that H9 cells cultured in CCM or ICM from T98G cells experienced 30% and 25% decline in Sox2 levels, and $40% decrease in survivin levels, respectively (n ¼ 3; Figure 7(a) ). Similarly, H9 cells cultured in CCM or ICM from Daoy cells showed 60% and 50% decrease in Sox2 levels and 50% decrease in survivin levels, respectively (n ¼ 3; Figure 7(a) ).
Autophagy is induced by elevated levels of ROS (Filomeni et al., 2015) . Consistent with induction of autophagy in H9 cells, immunoblot analyses revealed an increase in LC3I (cytosolic form) lipidation to LC3II (membrane bound form associated with autophagic vesicle formation) in H9 cells cultured in medium conditioned by brain tumor cells. Relative to control, 4-and 5-fold increases in LC3II/LC3I ratio were detected when H9 cells were incubated in CCM from T98G or Daoy cells, respectively (Figure 7(b) ). These results suggest that stress defensive mechanisms operate in NSPs present in the tumor niche, which may affect their fate.
Discussion
Neural stem cells are present throughout the life of an individual. They have the potential to self-renew and differentiate into multiple lineages, and their regenerative power is under intense investigation (Temple, 2001) . Therefore, perturbations that threaten their homeostatic integrity may affect brain structure and function. Here, we have investigated the impact of diffusible factors communicated from nonirradiated glioblastoma and medulloblastoma cells on redox-modulated biological endpoints in bystander NSPs. The modulation of the induced changes when the secreted factors are shed by the cancer cells following irradiation was also examined. The results show that prominent oxidative stress associated with DNA damage and cell death is induced in bystander NSPs incubated in medium conditioned by brain tumor cells. Together, the observed biochemical and cellular changes (Figures 1-7) contribute to understanding the basis of secondary pathologies associated with brain cancer before and after radiotherapy. They are specifically relevant to tissue culture protocols wherein CCM or ICM is used to promote the growth Figure 5 . Propagation of oxidative stress from brain tumor cells to bystander NSPs is associated with perturbation in cell cycle progression. H9 NSPs cultured for 24 h in medium conditioned for 24 h by T98G or Daoy cells were subjected to cell cycle analysis by flow cytometry. Events (10,000) were collected for analysis and representative histograms are shown (ordinates are number of cells and abscissa is DNA content as assessed by propidium iodide staining; n ¼ 3).
of stem cells (Mothersill and Seymour, 2004; Blyth and Sykes, 2011) . This study strongly indicates that caution should be exercised when interpreting results of experiments adopting such protocols. Incubation of H9 NSPs in CCM from T98G or Daoy cells results in an increase in mitochondrial superoxide anions, general cellular ROS, activation of stress-responsive kinases, perturbations in cell cycle progression, DNA damage, and apoptosis.
Recently, there has been an emphasis on the relevance of bystander effects in normal tissue toxicities induced following cancer radiotherapy (Newhauser and Durante, 2011) . Understanding such toxicities and their underlying mechanisms is particularly pertinent in case of children: With recent advances in early detection and treatment, the probability of long-term survival has increased (Newhauser and Durante, 2011) . Unfortunately, toxicities associated with cancer treatments have a significant negative impact on the quality of life (Azzam et al., 2013) . This study shows that toxic events can be propagated from brain tumor cells to NSPs. Surprisingly, for most of the endpoints tested, the effects induced in NSPs incubated in ICM from T98G or Daoy cells were only slightly greater than those induced by CCM. This suggests that the level of oxidative stress propagated by these cancer cells to the bystander cells is so high that it is not significantly enhanced following exposure of the tumor cells to ionizing radiation. Dilution of the factors secreted by the tumor cells or their redox modification during media transfer may have contributed to the lack of additional significant effects of the ICM. In this respect, adoption of an expanded time course would be informative as factors with different signaling properties may be secreted as a function of time after irradiation. Further, by 24 h following irradiation, secreted factors with additional toxic effects than those in the CCM may have decayed. The implementation of alternate culture strategies whereby Figure 6 . Factors secreted by brain tumor cells promote apoptotic death in bystander NSPs. (a) H9 NSPs cultured for 24 h in medium conditioned for 24 h by T98G or Daoy cells were subjected to Annexin V/PI assay and analyzed by flow cytometry. Events (10,000) were collected for the analysis and changes in cell proportions in response to the different experimental conditions were tested by the 2 test, using the Holm-Sidak test to control for multiple comparisons. Significance was set at p < .05. Bar graph represents average of four independent experiments AE SEM. (b) H9 cells were treated as in (a) and subjected for caspase 8 assay by flow cytometry. Bar graph represents average median fluorescence intensity in arbitrary units (au) from five independent experiments AE SEM. The average values for each treatment were compared using a one-way ANOVA, with the Tukey test to control for multiple comparisons.
the tumor cells and the bystander NSPs are in intimate coculture (Domoguaer et al., in press) would be further enlightening; under such conditions, the NSPs would be in immediate and constant interaction with the factors secreted by the tumor cells. Alternatively, the radiationinduced bystander effects may be communicated to the NSPs and other cells in the tumor microenvironment via other modes of intercellular communication, including junctional communication. Notably, our studies (not shown) indicate that stressful events continue to arise in the progeny of NSPs incubated in CCM or ICM and results in a decrease in their survival or proliferative potential, which may be an adaptive response to eliminate the NSPs that harbor damaging changes from the overall stem cell population. Survival of stem cells that harbor damaging effects may have profound implications for long-term health risks (Acharya et al., 2010; Chen et al., 2014) .
This study shows that diffusible factors secreted by brain tumor cells has a role in controlling the expression of critical regulators of ROS in bystander NSPs. H9 cells recipient of CCM or ICM from glioblastoma or medulloblastoma cells showed small but consistent relative decreases in the levels of active nuclear FoxO3a. The FoxO transcription factors have been implicated in providing stem cells with resistance to oxidative stress and in maintaining their quiescence. Ablation of FoxO1/3/4 transcription factors resulted in an accumulation of ROS in hematopoietic stem cells concomitant with increased apoptosis (Tothova et al., 2007) . In NSPs, the FoxOs regulate diverse physiological processes, including proliferation, resistance to oxidative stress, energy metabolism, and apoptosis (Renault et al., 2009 ). The decrease in FoxO3a level (Figure 3 ) is therefore consistent with the enhanced oxidative stress, DNA damage, and apoptosis observed in this study.
Bmi1 has been implicated in cell survival by regulating mitochondrial dynamics and ROS level (Nakamura et al., 2012) . Over-expression or activation of mitogen-activated kinases (MAPK) results in phosphorylation of Bmi1 and its dissociation from chromatin thereby de-repressing the target genes (Voncken et al., 2005) . H9 cells recipient of CCM or ICM from tumor cells resulted in activation of JNK (Figure 3(c) ), a MAPK. In this context, it would be of interest to investigate the role of JNK on the association of Bmi1 with chromatin and impact on mitochondrial functioning in NSPs. The decrease that we observed in Bmi1 levels was not associated with changes in p16 Ink4a and p19
Arf (not shown), rather it was associated with robust induction of p21 Waf1 and p27 Kip1 . As would be expected, the latter increases in these cyclin-dependent kinase inhibitors were accompanied with perturbations in cell cycle progression in H9 cells recipient of CCM and ICM from the tumor cells ( Figure 5) . A significant increase in the fraction of cells accumulating in G 1 phase was detected in NSPs incubated with CCM or ICM from T98G cells, which may be a defense mechanism providing the NSPs time to repair induced genetic damage prior to DNA replication. Likewise, the accumulation of H9 cells in G 2 phase upon incubation in CCM or ICM from Daoy cells may provide the NSPs with time to repair DNA damage prior to segregation of the replicated chromosomes in daughter cells ( Figure 5 ). Whether the observed cell cycle checkpoints are transient or persistent would be informative for understanding long-term effects.
Interestingly, p21 Waf1 has been shown to regulate physiological levels of Sox2 in NSPs by binding to the Sox2 promoter inhibiting transcription of the gene and preventing the promiscuous entry of neural stem cells into S phase (Marques-Torrejon et al., 2013) . On the other hand, Bmi1 is involved in NSC proliferation and functions in part by repressing p21
Waf1 (Subkhankulova et al., 2010) . Bmi-1 knockdown resulted in significant decrease in proliferation of progenitors and decrease in survival in embryonic stages (Fasano et al., 2007) . Therefore, the decreases in Sox-2 (Figure 7(a) ) and Bmi1 (Figure 3 ) detected in this study are consistent with the observed perturbations in cell cycle progression ( Figure 5) .
Growing evidence suggests a role for autophagy in maintenance of stem cell pluripotency and self-renewal in response to cellular stress (Filomeni et al., 2015) . Dysfunctions in autophagy have been associated with a variety of pathologies including cancer and neurodegenerative diseases (Ghavami et al., 2014) . Autophagy serves to clear damaged protein aggregates and impaired organelles, therefore contributing to maintaining cellular homeostasis. It is unclear whether the increased autophagy observed in our studies (Figure 7(b) ) constitutes an adaptive response to overcoming the stress propagated from the tumor cells. Further investigation downstream of LC3I lipidation to LC3II in progeny NSPs would be informative.
In sum, this study shows that extracellular secretion by brain tumor cells propagates signaling events that lead to oxidative stress in bystander NSPs. By understanding the molecular events modulated in the process of propagation of bystander effects to NSPs, our understanding of the basis of adverse health effects associated with cancer and its therapies will be enhanced. Experimental approaches using antagonists or inhibitors to the effects of candidate molecules will shed light on ways to manipulate bystander responses toward improved therapeutic outcomes. Notably, using immuno-precipitation, we detected HMGB1 and TGFb in CCM and ICM from the T98G and Daoy cells used in this study (data not shown), which together with other factors may have contributed to the observed oxidative effects in H9 NSPs.
Expansion of these studies to include a panel of primary early passage glioblastoma and medulloblastoma cells maintained under different cell culture protocols (e.g., as tumor spheres) will further characterize the effect of diffusible factors on oxidative stress in NSPs and enlighten on differential effects that may be induced by tumors derived from different individuals. Tumor cell populations are heterogeneous; their enrichment in a specific cell type (e.g., cancer stem cells) may also affect the magnitude of the bystander effects that they may exert.
